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where q is heat flux, T is the temperature, w is the blood perfusion rate, r^ is the density of 

blood, Cb is the specific heat of blood, p is the density of tissue, C is the specific heat of 
tissue, K is the thermal conductivity of tissue, and x is the thermal relaxation time of tissue. 
The relaxation time of the tissues can be experimentally obtained (Mitra, K., Kumar, S., 
Vedavarz, A., and Moallemi, M.K., "Experimental Evidence of Hyperbolic Heat Conduction 
Waves in Processed Meat," Joumal of Heat Transfer, Vol. 117, no. 3, pp. 568-573 (1995)). 
Equation (3) is the hyperbolic or wave model of heat conduction proposed by Cattaneo, C, 
"A Form of Heat Conduction Equation Which Eliminates the Paradox of Instantaneous 
Propagation," Comptes Rendus, Vol. 247, pp. 431-433 (1958) and Vemotte, M.P., "Les 
Paradoxes de la Theorie Coninue de I' Hquation de la Chaleur," Comptes Rendus, Vol. 246, 
pp. 3154-3155 (1958) and accounts for finite speed of propagation of thermal signals. If the 
second term on the left hand side of 'equation (3) is neglected it becomes the Fourier or 
parabolic heat conduction model and it implies a physically unrealistic infinite propagation 
speed of the temperature signal. 

Equations (2) and (3) can be combined to obtain 

a K dt a dt' k k k dt ^ (^) 

where a is the thermal diffusivity. Equation (4) is a hyperbolic partial-differential equation 
and yields a finite wave speed (= ^Ja/x ) for the propagation speed of the temperature 

signals. In the limit t -> 0, Equation (4) becomes the parabolic or Fourier heat conduction 
equation. 

Most previous work for such analysis have used Fourier heat conduction model. A 
sample result showing the non-dimensional temperature distribution comparison between 
hyperbolic and Fourier heat conduction equation is presented in Figure 10. The case under 
consideration is a two-dimensional axis-symmetry geometry (r-z coordinate system). It could 
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Figure 5 illustrates a comparison of the mechanism of treating a tumor via thermal 

treatment and treating a tumor via x-ray irradiation in accordance with the subject invention. 

Figure 6 illustrates the relationship between the x-ray energy and the HVL. 

Figure 7 shows an-x-ray generation device in accordance with the subject invention. 

Figure 8 illustrates an overall view of an arterial treatment in accordance with the 
subject invention. 

Figure 9 illustrates a conical reflecting tip in accordance with the subject invention.. 
Figure 10 shows a comparison between hyperbolic and fourier heat conduction 
equation model 

Detailed Description of the Invention 
The subject invention relates to a method and apparatus for the generation and/or 
delivery of x-rays. In a specific embodiment, the subject invention can utihze hollow 
waveguides to convey x-ray radiation generated outside of the body into the body to a 
specific internal surface for a variety of purposes, for example, for medical therapy. For 
example, the x-ray radiation can be delivered to an arterial wall for the prevention of 
restenosis following balloon angioplasty. In another embodiment, the x-ray radiation can be 
delivered into the body to kill tumors with a lesser degree of collateral damage to body tissue 
than has previously been realized. The x-ray radiation used to treat tumors, for example, can 
be collected by non-imaging optics and delivered through stereotactically guided needles by 
hollow waveguides. 

X-ray radiation has several applications in the medical field. In addition to imaging, 
x-rays can be used as a therapy treatment to treat numerous medical conditions. The subject 
invention can be utilized to control and deliver a precise dose of x-ray radiation to a target 
location. X-ray radiation can be generated for example, by bombarding a metal target with 
energetic electrons in a vacuum tube. The energy of the x-ray radiation depends on the 
voltage applied to the vacuum tube. Hollow waveguides have been used for x-ray 
transmission by D. Mosher, S.J. Stephanakis, I.M. Vitkvovitsky, CM. Dozier, L.S. Levine 
and D. J. Nagel, Appl. Phys Lett. 23, pp. 429-431 (1973), D. Mosher and S.J. Stephanakis, 
"X-ray "light pipes," Appl.Phys. Lett, 29, pp. 105 -107 (1976), and M. A. Kumakhov, ' 
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(Waksman, R., Roninson, K.A., Crocker, R., Gravanis, B., Cipolla, G., and King, S., 
"Endovascular Low Dose Irradiation Inhibits Neointimal Formation After Coronary Artery 
Balloon Injury in Swine: A Possible Role for Radiation Therapy in Restenosis Prevention," 
Circulation, Vol. 91, pp. 1533-1539 (1995); Weidermann, J.G., Marboe, C, Almos, H., 
Schwartz, A., and Weinberger, J., "Intracoronary Irradiation Markedly Reduces Neointimal 
Proliferation After Balloon Angioplasty in Swine," Journal of American College of 
Cardiology, Vol 25, pp. 1451-1456 (1995); Verin, V., Popovski, Y., Urban, P., Belenger, 
J., Redard, M., Costa, M., Widmer, M., Rouzaud, M., Nouet, P., Grob, E., Schwager, M., 
Kurtz, J., and Rutishauser, W., "Intra-arterial Beta Irradiation Prevents Neointimal 
Hyperplasia in a Hypercholesteroliemic Rabbit: Restenosis Model," Circulation, vol. 92, pp. 
2284-2290 (1995); Teirstein, P.S., Massullo, V., Jani, S., Russo, R., Schatz, R., Sirkin, K., 
Norman, S., and Tripuraneni, P., "Two-Year Follow-Up after Catheter-Based Radiotherapy 
to Inhibit Coronary Restenosis," Circulation, Vol. 99, no. 2, pp. 243-247 (1999)). Thus, 
there is a need for a treatment of restenosis which can reduce the drawbacks associated with 
currept treatments. 

There is uncertainty as to the healing mechanism of x-ray irradiated injured vessels. 
Also, it is not clear what long-term side effects of irradiation therapy there may be. It 
appears that a safe dosage rate is on the order of 8-30 Gy (1 Gy = 1 J/kg), while lower 
radiation doses appear to be unable to significantly inhibit restenosis (Coursey, B.M., and 
Nath, R., "Radionuclide Therapy," Physics Today, pp. 25-30, April (2000). 

Summary of the Invention 
The subject invention pertains to a method and apparatus for generation and/or 
delivery of x-ray irradiation. The subject method and apparatus provides for the controlled 
delivery of x-ray radiation to specific parts of a patient's body. The subject invention can be 
used in the treatment or prevention of restenosis to aid in the prevention of arterial clogging. 
Additionally, the subject invention is particularly advantageous in situations requiring precise 
maneuvering due to the lack of radiation generating sources that are introduced into the body 
as taught by the prior art. Accordingly, there is a need for a method and apparatus for 
providing a non-invasive procedure which can deliver a highly controlled dose of x-ray 
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